The most commonly used enzymatic reporter molecule, Escheichia col (-galactosidase (.3gal; -D-galactoside galactohydrolase, EC 3.2.1.23), fails to readily diuse into axons; consequently, the morphologies of «-gal-labeled neurons cannot directly be determined. For analysis of neuronal pathfinding and synaptic connectivity, this information is essential. We have constructed an axon-targeted 1-gal reporter by fusing the cDNA encoding the bovine microtubule-binding protein, tau, to lacZ, the E. In this report, we use promoter fusions to show that the tau-(-gal fusion gene product is indeed efficiently targeted to axonal processes, permitting the tracing of neuronal projections. Additionally, we present a set of useful markers generated in an enhancer-trap screen by using the bovine tau cDNA-lacZ fusion gene.
into axons, precluding their use in the analysis of neuronal pathfinding and connectivity.
One possible means to target (-gal to axonal processes is to fuse it with a protein that is itself associated with the cytoskeletal components of axons. This strategy was used by Giniger et al. (9) in their construction of a kinesin-gene-lacZ fusion gene encoding the heavy-chain subunit of the kinesin motor molecule fused to (-gal. This fusion protein is efficiently targeted to the terminal extensions of axons during axonogenesis, but except for rare cases of very high expression levels, the reporter generally fails to give reproducible staining along the entire length of the axon. Since microtubules are abundant in axons, we felt that the fusion of (-gal to a member of the microtubule-associated protein (MAP) family, tau, might target (3-gal more evenly throughout axons.
In this report, we use promoter fusions to show that the tau-(-gal fusion gene product is indeed efficiently targeted to axonal processes, permitting the tracing of neuronal projections. Additionally, we present a set of useful markers generated in an enhancer-trap screen by using the bovine tau cDNA-lacZ fusion gene.
During development, neurons become synaptically interconnected in a highly precise fashion. Identifying the mechanisms that underlie this specificity requires a detailed understanding of both the pathway choices made by developing neurons as they grow to their synaptic target areas and the behavior of neurons during final target selection. For most nervous systems, such studies require either the use of diffusible dyes to label specific neurons or antibodies that specifically label the entire structure of the relevant neurons throughout development (1) (2) (3) (4) (5) . Dye-labeling requires the neurons of interest to be easily identified and, in the case of soluble dyes, penetrable with microelectrodes. This is often not feasible because of the small size of many neurons and their inaccessible locations within the nervous system. This limitation, in addition to the limited number of suitable antibody probes, has prevented the detailed analysis ofall but a few central nervous system (CNS) neurons.
In Drosophila, where genetic analyses can be brought to bear on questions of neuronal development, the most efficient means to generate cell-specific markers is by enhancer trapping. In this method, a transposable P element containing the Escherichia coli lacZ gene fused to a minimal promoter is mobilized within the Drosophila genome. When this construct inserts near a gene, the minimal promoter often comes under the control of neighboring transcriptional enhancers and, as a result, directs the expression of the lacZ reporter in a pattern reflecting all or a portion of the transcriptional activity of the nearby gene. The vast majority of enhancertrap experiments have used a lacZ reporter encoding either a nuclear-targeted or a cytoplasmic form of (3-galactosidase ((3-gal; (3D-galactoside galactohydrolase, EC 3.2.1.23) (6) (7) (8) . Unfortunately, neither of these forms of (-gal readily diffuses
MATERIALS AND METHODS
Construction of pCftz/tau-lacZ and petau-lacZ. Standard methods were used to construct all plasmids (10) . The tau cDNA-lacZ fusion gene was constructed by a three-way ligation of (i) a 1.2-kb HindIII-Rsa I fragment from pBT43-12, a bovine tau cDNA (11); (ii) a 4.2-kb Xma I-EcoRI fragment of cosPwhite (-gal (12) with the Xma I-cut end blunted with the Klenow fragment of DNA polymerase I; and (iii) pBluescript KS (Stratagene) digested with HindIII and EcoRI. The resulting plasmid, pBKStau-lacZ, as confirmed by sequencing across the junction, contains an in-frame fusion between the bovine tau cDNA and the lacZ gene at codons corresponding to amino acid 383 of tau and amino acid 5 of (3-gal. pBKStau-lacZ served as the source for all subsequent tau cDNA-lacZ constructs. pCftz/tau-lacZ was constructed by ligating the blunt-ended 5.4-kb EcoRI fragment from pBKStau-lacZ to pCftz (supplied by D. VanVactor and C. S. Goodman) linearized with Not I and blunt-ended. pCftz is a P element vector that contains the ftz neural enhancer (13) fused upstream of a minimal hsp7O promoter. petau-lacZ was constructed by ligation of the blunt-ended 5.4-kb EcoRI fragment from pBKStau-lacZ to an 8-kb bluntended Kpn I-Not I fragment from pKZTRAP (9) . The P[ry, ftz/lacC]-transformed line was generated by Y. Hiromi and colleagues (13) and carries a transgene that consists of lacZ fused in frame to codon 2 of the ftz gene plus 6.1 kb of 5' sequence containing the neural and zebra control elements.
Generation of Transformed Flies and Mobilization Scheme. Descriptions of Drosophila strains can be found in Lindsley and Zimm (14) . P[Cftz/tau-lacZ] and P[etau-lacZ] were introduced into the fly germ line by standard P element Abbreviations: P-gal, /-galactosidase; CNS, central nervous system; X-Gal, 5-bromo-4-chloro-3-indolyl P-D-galactoside; MAP, microtubule-associated protein.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. transformation methods (15) . For both constructs, multiple independent transformants were obtained. A total of 1500 autosomal insertions were generated by mobilization ofP [etau -lacZ] from the X chromosome essentially as described (6) . Embryo collections were taken from an F3 intercross of P[etau-lacZ] heterozygotes and screened for (3-gal enzymatic activity. Lines of interest were then made homozygous if viable and fertile or balanced over FM7c, CyO, or TM3.
Rapid Screening for tau-3-gal Activity. Lines were first assayed with 5-bromo4-chloro-3 indolyl f3-D-galactoside (XGal). Adults from each line were placed into 25-chamber collection blocks and allowed to lay eggs overnight. Embryos were washed in H20 and dechorionated by placing the blocks in 50% bleach. After rinsing in H20, embryos were fixed for 30 min in a 50:50 (vol/vol) mixture of 4% paraformaldehyde (in 0.1 M phosphate buffer, pH 7.4) and heptane. The blocks were blotted on paper towels to remove both aqueous and organic phases and washed thoroughly in phosphate-buffered saline containing 0.1% Triton X-100 (PBT). After the wash, the blocks were placed in a standard X-Gal reaction mixture (16) . Lines of interest were analyzed in more detail by immunostaining of whole mounts and dissected embryos.
Immunocytochemistry. Embryo collections, dechorionation, and fixation were carried out as above for the X-Gal screen. Embryos were devitellinized by shaking the collection blocks in 50:50 (vol/vol) methanol/heptane. After they were blotted and washed in PBT, embryos were transferred to custom-made 25-well Plexiglas dishes and preincubated for 2 hr in PBT containing 1% bovine serum albumin and 3% normal goat serum (PBTN). The embryos were incubated overnight at 4°C with a rabbit anti-,B-gal polyclonal antibody (Cappel) diluted 1:10,000 in PBTN, 2 hr at room temperature with biotinylated goat anti-rabbit antibody diluted 1:250 in PBTN, and finally 1 hr with an avidin-biotin-horseradish peroxidase complex (Vectastain ABC elite kit, Vector Laboratories). Two-hour washes in PBT followed each incubation. Embryos were processed for peroxidase immunohistochemistry. Stained lines were dehydrated in an ethanol series, cleared in methyl salicylate, and mounted in Canada balsam/methyl salicylate for examination. Embryo dissections were performed as described by Thomas eta. (1), fixed in 4% paraformaldehyde, and processed through the above immunohistochemistry protocol.
RESULTS
Tau cDNA-lacZ. Tau proteins constitute a heterogeneous family of related gene products, generated by differential splicing and posttranslational modification, that range in size from 40 to 120 kDa (17) (18) (19) (20) (21) (22) . Similar to many of their relatives in the MAP family, tau proteins are characterized by a series of small, homologous 18-amino acid repeats required for binding to tubulin, separated by 13-14 amino acid linking sequences (11) . Tau proteins are expressed in both developing and mature vertebrate nervous systems and are highly enriched within the axons of expressing neurons (23) (24) (25) , where they are thought to modulate the dynamic properties of the densely packed arrays of microtubules that lend structural support to axons (26, 27) .
The tau cDNA-lacZ fusion gene used in this study was created by fusing cDNA sequences encoding the first 383 amino acids of a bovine tau protein (11) in-frame to codon 5 of the bacterial lacZ gene (Fig. 1A) . Contained within this portion of tau are the amino acid repeats necessary for microtubule binding. (13, 28) . As shown in Fig. 1B , cytoplasmic (-gal in Poryftz/lacC] embryos fails to label the axons of the ftz-expressing neurons, although high levels of reporter are detected in neuronal cell bodies. This result is consistent with the general lack of axonal staining seen in enhancer traps when using cytoplasmic (3-gal (8) . In contrast, tau-(3-gal in P[Cftz/tau-lacZ] embryos (Fig. 1C ) labels the cell bodies and axons of the expressing neurons. The full extent of the labeling can be seen more clearly by examining taul-f-gal-expressing motor neurons, which can be traced through the periphery to their target muscles (Fig. 2B) . In addition to its axon-targeting capability, taue-3-galalso retains enzymatic activity and can readily be assayed with X-Gal (Fig. 2C) , although immunohistochemical staining provides significantly higher resolution.
Tau-f3-gal Does Not Mter Normal Neuronal Development. For its utility as a reporter, it is important that tau-(3-gal have no effect on normal cellular growth and differentiation. To address this, we examined the behavior of identified neurons expressing tau-3-gal. Among the ftz-expressing embryonic CNS neurons is the well-characterized aCC neuron (28) .
During embryonic development, the aCC neuron extends a growth cone posteriorly and laterally along a stereotyped route, pioneering a peripheral axon pathway, the intersegmental nerve (ISN in Fig. 2) (1, 29) . In embryos carrying up to four copies of the P[Cftz/tau-lacZ] transgene, aCC behavior is indistinguishable from wild-type ( Fig. 2A) lacZ. The petau-lacZ vector contains the tau cDNA-lacZ fusion gene driven by the P promoter, the Drosophila miniwhite gene as a genetic marker, plus a bacterial ampicillinresistance gene and origin ofreplication for plasmid rescue of flanking genomic DNA (30) . Independent insertions on the autosomes and the X chromosome were generated and screened for expression in the developing CNS and body wall. From a total of 1500 autosomal lines, r90 expressed tau-3-gal predominantly in subsets of neurons, 50 showed glial expression, and 30 had somatic muscle patterns of expression. The range of different tissues expressing tau-,3
gal was similar to that reported in previous enhancer-trap screens using nuclear-targeted (3-gal (6, 7) . However, we isolated a proportionally higher number of lines exhibiting glial and somatic muscle expression. The most probable explanation for this result is that our ability to visualize the entire profile of these cell types increased the likelihood of their identification. Based on their promise as the most useful markers, we dissected embryos from 61 of these lines and examined their expression patterns in detail (Table 1) . Three examples of lines showing expression in relatively small subsets of embryonic CNS neurons are shown in Fig.  2 . Line 3.538 expresses tau-f-gal in six motor neurons and six interneurons per hemisegment (Fig. 2D) . CNS expression in line 3.438 is restricted to two motor neurons and three interneurons (Fig. 2E) . Line 3.566 (Fig. 2F ) expresses tau-(3-gal in five tightly-clustered neurons at the ventral midline, three of which are the previously identified VUM motor neurons (29, 32) , while the other two represent an as yet unidentified class ofDrosophila VUM interneurons similar in morphology to the grasshopper local DUM neurons (33) .
In addition to labeling neuronal processes, the tau-3-gal reporter also reveals the entire morphology of nonneuronal cell types. For example, line 3.301 displays tau-3-gal expression in a restricted set of differentiated somatic muscles that include muscles 5 and 25 (Fig. 3A) , while line 3.619 displays reporter expression in a different subset of muscle fibers, including muscles 14, 15, 16, and 17 (Fig. 3B) . The cellular profiles of glial and other support cells are also labeled when tau-,&gal is expressed (Fig. 3C ).
DISCUSSION
The tau-f3-gal reporter gene product efficiently labels the processes of neuronal and nonneuronal cells, and, by using it in an enhancer-trap screen, we have generated a number of useful cell-specific neuronal markers. In addition, promoter fusions of tau cDNA-lacZ to genes expressed in the CNS, such as ftz, allow the identification of expressing cells and any possible pathway relationships among them. One feature of tau-f3-gal expression we noted is that, although we were able to follow the entire extent of axonal projections in many tau cDNA-lacZ-expressing neurons, when lower levels of tau-(-gal were present, the most distal portions oflong axons failed to label with the reporter. For example, it proved difficult in many lines to follow the very distal projections of motor neurons that innervate the dorsal-most muscles. It might be possible to overcome this limitation by coupling the tau cDNA-lacZ reporter to the yeast GAL4 transactivation system (34, 35) , which could provide an amplification of tau cDNA-lacZ expression levels.
In vertebrate nervous systems, individual MAPs show characteristic subcellular distributions. For example, mammalian high molecular weight MAP2 is highly concentrated in dendrites (36) (37) (38) , while tau proteins are enriched in axons but also can be detected in cell bodies and dendrites (39 III   III  III  III  II  II  III  II   II  III  III   III  III  II  II  III  II  III  II  III  II  II  II  III  III  II  III  IV  III  II  III  II  II  X  III  II  II  III  III  II  II  III  X   II  II  II  III  III  II   II  II  III  III  III  III  III  II   II  II  III Expression patterns were assayed with anti-3gal antibodies in dissected 11-to 15-hr embryos. Within the CNS, expression is subdivided into subsets of interneurons (in), segmental nerve motorneurons (sn) that project to ventral and lateral muscles, and intersegmental nerve motor neurons (isn) that project to dorsal muscles. Thirteen-hour embryos were stained with antibodies to a-gal. (A) Line 3.301B expresses tau-p-gal in a restricted subset of somatic muscles in abdominal segments A1-A7, including high levels of expression in muscle 5 (arrow) and lower expression levels in muscle 25 (arrowheads). (B) Line 3.619 displays reporter expression in a subset of somatic muscle fibers, including muscles 14, 15, 16, and 17. (C) Line 3.286 expresses tau-P-gal in a subset of cells associated with the peripheral nervous system. The entirety of both of the chordotonal sensory organ sheath (s) and cap (c) cells is delineated, as are the processes of the neighboring bipolar glia (g). Anterior is left for A and up for B and C.
we detected no aberrant morphology of any previously identified neuron expressing the reporter. Although we cannot formally rule out the possibility that a particular cell type might be sensitive to tau-p-gal, our screen has yielded a large variety ofcell-specific patterns without the obvious exclusion of any cell types. Finally, since tau-p-gal contains bovine tau, it may also label the axons of vertebrate neurons and thus prove to be a useful reagent for studying neuronal development in vertebrate nervous systems.
